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FOREWORD

i ’
Recent requirements for increased strength and service life of machines and ;

structures have been met by the use of higher strength materials and new fabrication

and joining methods, Simultaneously, foilures due to fracture have increased rela- ‘

— o —

tive to those resulting from excessive deformation. Frequently service conditions

- are such that low temperature brittle fracture, fatigue fracture, and high temper-

ature creep rupture must be considered in a single system., National concern with
increased safety, reliability, and cost has focused attention upen these problems, . l
Methods are now available to predict both fatigue crack initiation life and crack !
propagation life, Paradoxically the materials properties required for long fatigue
crack initiation life are incompatible with the requirements of high fracture toughness.
Thus, the conflicting design approaches and requirements placed on the material are
confusing and often impossible to satisfy.
- : Numerous publications dealing with a variety of fracture problems have led to
many new and useful developments. However, the synthesis of the concepts jute

methods for design, testing and inspectiun has lagged.

This program of study is intended to contribute to the integration, corxrelation,
. and organization of mechanics and materials concepts and research information into

a form that will permit enlightened decisions to be made regarding fracture control.

o

Reports are in preparation in three categories:

m 1. Research reports designed to explore, study and integrate isolated
and/or conflicting concepts and methods dealing with life prediction,

R 2, Reports to introduce and summarize the gtate-of-the-art concepts
and methods in particular axeas, and

F M

3. Example problems and solutions intended to illustrate the use of

these concepts in decision making. » 2!

H. T. Corten
Principal Investigator
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Thirty-four specimens of pure (0.9999+) aluminum were cyclically struined

under a varicty of plastic strain ranges, plastic strain rates and temperatures in

IR

an atmosphere of dry nitrogen, Stable cyclic stress strain dota was recorded for :
= 4

e

4

Wa ]

a varlety of plastic strain rates and temperatures, A time-temperature parameter

method of analysis wes found to give an adeguate represcntation of the stable cyclic

stress-strain relationships for the conditions tested. The specimen surface was

e

observed with both light and electron microscopes to determine when and where
fatigue crack initiation occurred, Electropolishing was used to discover the depth

and relationship of the crack to slip bands and grain boundaries.
- The results showed that three forms of crack initiation were present, At low

temperatures, grain boundary splitting was common. At room temperature, prom-

inent slip band initiation was prevalent, and at high temperature vacancy coalescence
at the grain boundary was the major sourcc of crack injtiation. The number of ¢ycles e

to initiate a crack 0.002 deep at a given strain range was found to be independent of

the nature of the crack and both test temperature and plastic strain rate. < _
{ . < S
¢
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PRICR RESEARCH

Stress-Strain Respense

The stable cyclic stress-strain properties of a mcetal arc generally quite
different from the mcetal propertics obtained in a monotonic test. There iy auite
often a factor between two and ten in stress between the first cycle of strain to a
glven limit (as in @ monotonic test) and the stable value of cyclic stress at that
strain level, measurcd at approximately onc-half the futigue life, This fuctor is
cspecially large when comparing anncaled pure metals with thelr cyclically hardened
counterparts,

While there is adequate data in the literature relating stress-strain response
to temperature and straii rate for a mwonotonic test, there is little corresponding
data rclating stable cyclic stress-strain response to strain range, strain rate, and
temperature, One approach is presented by Gain and Sinclair (1)*. They proposed
that stable cyclic stress-strain behavior could be represented as a function of two
dimensionless parameters: one of which Is a function of plastic strain rate and
temperature, and the other is a function of cyclic stress and strain xunge. This
approach appears to give quite good results as an approximation of the stable stress-

strain behavior for purc metals. A more complete discussion of this method of pre-

dicting stress-strain behavior s included later under Results.

Mechanisms of Stable Cyclic Stress-Strain Behavior

A great deal of the research that has been done rela=d to stable cyclic stxess-
strain behavior deals primarily with the mechanisms of cyc. . behavior, rather then
the value of the stable cyclic stress-strain relationship. At high homologous temper -
atures (0.4 of the melting tewmperature or above), several authors have characterized
the stress-strain mechanisms as grain boundary sliding, creep due to thermally acti-

vated internal diffusion, and formation of @ stable orthrombic crystal structure (2, 3, 4).

*Numbers in parenthesis refer to list of references,

e h m —— 1t entc  Shnmrt—— nb bl e
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The stable value of the cyclic stress depends on the structure, strain Yate, temper -
aturc, and purity of the metal, It appears that at temperatuyes greater thaw U, 4 of
the melting point, the structure estublished results In a layger creep rate with an
fncrease in the number of cycles, Conversely, at less than U4 of the meltng tom
perature, the stable structure established xesults ina signiticant reduction of crecp
rate (3).

At lower temperatures the mechanisms of stress-strein behavior have been
more fully investigated, although the data is still sparse.  Aupealed pure inctals
cyclically harden by forming a system of cells whose walls consist of distocation
tangles (5,6). The size of the cell structure appears to be determinable for cach
sct of strain ratc, temperature, and strain range. At strain ranges greatey than
0. 8%, the cell size is constant without regard to strain range (7, 8, 9). Most resewrch
has been done on OHLIC copper, but the mech *nistic results appear to be also char-
acteristic of aluminum,

Several investigators have tabulated some cyclic stress-straln raie data for
high purity aluminum, 13100 aluminum, and QUIC copper (10). The similaritles

between the stress-strain behavior of pure aluminem and pire copper are ohserved

by Broom (11).

w3;‘u7t.l guc wrack Initiaton

Several Investigators have surveyed e literature for a general approach to
the problem of fatigue crack initiation (12, 13, 14, 15).

There seems to be two views of the crack initiation process at low temperatures.
Laird and Smith (13) fecl that the mechanism of crack initlation at large stiain ampl’-
tudes is the same slip band form of initiation as at small strain amplitudes, but at the
high strain amplitude the portion of the lifc spent gencrating an initiated crack is

grcatly shortened. Wood (14), however, feels that therc are two different mechanisms
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of crack Inttiaten,  According to Wood, sifp bunds develop thto microcracks only ot
small stram fevels, and at hgh reversed strain level: the cracks seen. to e jnitiated
by fracture at the grain boundaries,

It 1s generally agreed that, oxeept in special clrcumstanees such as high resud-
ual compressive stresses at a surface or large internal ftaws, a fatigue crack juttiates
at a free surtace (14, 15). Peniadic removal of the spocimen surface removes the ind-
tinted cracks and can greatly prolong fatigue life (1o, 17).

The size of the crack to be called snmitiatad crack is af paramount importance
In ot investigation of crack initintion,  The most preasoaable estimate of an initiated
crack 1s ohe of sufficient size that 1t will obey the laws of fracture mechanics.  nan
axially sireased specimen, an umtiated crack appears to propagate as a wode 1 crack
(normal to the ax,s of maximum normal stress) regardless of the form of the Initiated
crach. 1n pure copper, work by Nakuno (18) suggests that a one to two grain dinmeter
crack in g relatively swall grained material ¢an be considered to be u crack that will
obey the laws of frucivye mechaiies and will propagate as a mode 1 erack, At depths
of less than one grain dismeter, crack length becomes somewhat arbitrary and prob-
ably cannot oe analyzed sufficicntly to cstablish the crack growth rate with any degree
of accuracy.

There is consideraliye question ax te the location and origin of fatigue cracks on
a free suvface.  Many investigators have ohserved cracks developing from persisten:
slip bunds (15, 19,20, 21,22). A review of the papers sageestng prominent stip band
fatigue creck initjption indicawes that slip hand initation is the primary rorm of crack
initiation at mioderate temperatures (0.2 to 6,4 melting temperature) and at small
{less than Q0 5%) reversed strains,

There is a great deal of discussion of the mechanisis which produce promi-
nent slip bands  In one investigation, the growth rate over a S0 cycle period pro-

duccd an everage slip band dlsplacement of abour 1)) dislacaiions per cycle (24).
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It also appeavs that ship hands yrow fastestan the planes of bBoohest 1esalved shena
stress and that the slip bands appeas to grow much more rapudly on some coyeles
than others,

Another wvestigation by Watts ot al. (25) shows that the ship bands do not
reappear puimediately it a speconen where a sct of ship bands has been removed by
clectropolishing.,  However, whea they finaily do appeay, the new ship hands are
close replica of the osigmal set of sl bands. A very good review of the mechan
fxms in the Tormation of slip bands and fatggue crack inietion s given by Grosshreuts
i Ref. 12,

Ship bands, altheugh pronnnent, are not the only form of augue crack imitiation
Graim boundayy imtiation has aleo been cascrved at almast ath temperatures and stran
rates (20), and scems to be a prinary case of fatigue crack mitation at bigh reverse,
stratn anglitudes (greater than 1°0) and at lugh tengperatures,

At low temperatures (less than 0,4 gelung temprevature) gram boundary ymtia -

o«

anpeavs to be o purely geometncal effect. Targe sirmins aovelon withie the grains
dre to the shp band moton, and the gram boundary 1s uwble to accomnodate the stram,
Conscequently, a seperavon at the gram boundary develops and jnitiates a miecyaciach,
Sceveral ;mvestigators have observed grain boundary crucking at low temperatures
(27,28, 29, 20), and Laird and Krause (31} have theorctically treated a motiod of crack
fmvanon dwe o large plaste deformasions of uniform sop within a gramn,

Creep cracks are, of course, gire conumon ot g rain bouadarnies and are formed
by the coalescence o1 vacancics that are generaied by high wemyperatares or by the
graduai scparation of the grain boundaries by repeated slip sub-.equent to the formation
of an orthromhie gratn structure (21, 32, 33).

It scems, in general, that rescarchers have gbserved a great varicty of crack

initiations undexr a great variety of conditions, but no ¢lear cut research lizs been
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done to delineate exactly what kind of crack will initiate unde> given counditions, or
how many cycles it will take to initiate a micrccrack. It is very difficult to match
studics since most investigators who studied crack initiation in aluminum did so in
air where humidity has a great effect on the properties uf the oxide coat (19, 34).

1t is apparent that the effect of humidity is important in fatigue by comparing the life
of a specimen fatigued in dry air and one fatigued in moist air or water vapor (35, 36,
37,38,39). The specimen fatigued in dry air or a vacuum has a much longer fatigue
life than the one fatigued in humid air or water vapor, but there is disagreement
whether the presence of water vapor affected crack initiation, propagation, or both.

It appears, however, that dry nitrogen gives as long a fatigue life as a high vacuum (40).
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MATERIAL, SPECIMENS, TEST SYSTEM, AND PROCEDURE

A total of 40 specimens were tested. Figure 1 is a photograph of the test spec-

imen, A diametral configuration was chosen for the specimen because the likelihood

Y e e o — . —

of buckling would be less at higher temperatures where the aluminum is very soft.

A 0.25 inch straight section in the center of the specimen allowed the diametral

gauge to be placed so that it was not on a two dimensionally curved surface. The

'
. —————————— -

threaded ends were hollow to allow insertion of a small heating element for high

IR QRO A DI ORG  SaRTIR | g

temperature tests. All specimens were machined from a 1-1/8 inch extruded rod
, of aluminum with the following impurities:
Si 0.003%, Fe 0.002%, Cu 0.002%, Mg 0,001% Zn 0.001% !

Pure aluminum was chosen for this study because crack initiation would not be

affected by aging at higher temperatures, as it would be in a precipitate hardened
aluminum alloy. Also, creep behavior may be studied in pure aluminum without

resorting to temperatures higher than 444°K,

Specimen Preparation

-

Before testing, the speci:nens were recrystallized to an approximate grain
size of 0,001 inch by heat treating at 534°K for 15 minutes. A 10% solution of
Tucker's etch was used to remove any grease or foreign material on the specimen
surface. The threaded ends were coated with two coats of a stop-off lacquer designed
to prevent electropolishing in undesired areas. Specimers were then electropolished
for a total of 20 minutes, during which a total of 0.002 inch of the surface was re-

moved. The best surface results were from a 340°K solution containing phosphoric

acid, sulfuric acid, chromic acid, and water. The solution was stirred very gently
L with a magnetic stirrer and the specimen was rotated 180° about its major axis every
E five minutes. A more complete description of the technique of electropolishing is

given in Ref, 41,




After electropolishing, the specimens were washed in water and methanol,

and placed in stoppered test tubcs contalning a small amount ¢f desiccant.

b B Ll LR L

The chromel -alumel thermocouples were discharge welded to the specimen
using 10 watt-seconds and a pressure of four pounds to weld the 0.010 diameter .
thermocouple wires. It was necessary to clean the electrode with a file after each -
set of thermocouple wires were welded to prevent the wires from sticking to the

electrode and forming a poor bond with the specimen,

Test sttem

The test system used was a closed-loop, servo controlled axial MTS test

e i o s . oyt + o —
s i+ 5 A ——— -y | T

system, very similar to the one described by Raske and Morrow (42). Wood's
metal (molten metal) grips were used to ailow the specimen to be mounted without

misalignment which could cause buckling. ;

Strain Control

TR PN~ T P

Diametral strain was controlled i1 accordance with a constant amplitude tri-
angular waveform for all tests below 355°K. A triangular waveform permitted the

specimen to be subjected to approximately constant plastic strain rate control, The

primary differences between a constant diametral strain rate, a constant axial strain

rate and a constant axial plastic strain rate are in the elastic region. Annealed pure

.,....__.
K T

aluminum is very soft and has almost no elastic region. For the strain range of 2%
used, the strain is almost entirely plastic, Thus, the differences between these forms
of control for the tests are not important,

At and above 355°K, the contact pressure of the diametral gauge needed to
maintain closed-loop control caused deformation of the specimen and could not be
used, Displacement control of the innermost thread of the specimen was used instead.
Diametral strain was still measured and recoxrded, but with a much lighter contact
pressure. The amplitude of the displacement was adjusted to maintain a constant

amplitude of diametral strain.
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The diametral gauge used was constructed out of quartz rod and Invar to
minimize the influence of temperature dependent inaccuracy and drift, The actual
strain measurement was - .o \1ii: o clip gauge attached to the end of the quartz
rods as shown in Fig. 1. Experiments with a specimen of 7075-T6 werc used to
calibrate the gauge in the elastic straln range and to establish its sensitivity, accu-
racy, and frequency response.

The strain gauge was suspended from the load cell by three springs. The
springs allowed the strain gauge to move vertically with the specimen, without
being supported by its contact with the specimen, The sirain was zeroed when the
specimen reached test temperature. This induced a slight miscalibration of the
strain gauge due to the different gauge length caused by the thermal expansion and
contraction of the specimen, However, the value of this miscalibration is slight

and was neglected after consideration.

Test Environinent

All tests were performed in a dry nitrogen atmosphere to eliminate the effect
of water vapor on crack initiation. Specimens were placed in the dry nitrogen a
minimum of one hour before they were subjected to cycling to allow any water vapor
that had been absorbed by the aluminum oxide outer layer to dry into the nitrogen.

Dry nitrogen was supplied through the continuous boiling of liquid nitrogen in
an external dewar. The dewar had a copper tube which both conducted the gaseous
nitrogen out of the dewar and allowed controlled access of heat from a resistance
element wrapped around the copper tu'bo. and controlied by a variac, Another copper
tube, wrapped with a resistance he2ting element, heated the supplied nitrogen gas
to the same approximate temperature as the test, The capacity of dry nitrogen gas

supplying system was approximately one ft. 3/mlnute.

.
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Liquid Nitrogen Temperature Tests

For the liquid nitrogen temperature tests, a bath of liquid nitrogen was kept
In contact with the top and bottom of the specimen, and liquid aitrogen flowed down
the surface of the specimen. The nitrogen was supplied from an external dewar that
was pressurized at 2 psi, The liquid nitrogen was metered through a needle valve
which supplied enough liquid nitrogen to keep the specimen continuously enveloped
without inundating the test system.

Several types of temperature controller using cold nitrogen gas and a spray
arrangement were discarded because of an inability to keep the top and bottom of
the specimen at the same temperature. A constant temperature bath seems to be
the best solution for a low temperature test. One possibility for low temperature
test control would be t» use a cold nitrogen gas spray in conjunction with the heating
system described later. This was tried in one test with good results but abandoned
because of its complexity.

Temperature in all tests was monitored by two chromel-alumel thermoccuples
attached to the specimen a short distance above and below the critical section, A
third thermocouple attached at the center section of a dummy specimen showed that
the temperature of the critical section was consistently within + 1°K of the temper-

ature of the two thermocouples.

Elevated Temperature Tests

Figure 2 is @ drawing of the heating system used at temperstures from 300°K
to 444°K. Each of the heating coils in the end of the specimen is independently con-
trolled by a closed loop silicon controlled rectifier (SCR) heating system activated
by the thermocouple nearest the heating coil. This system worked remarkably well
and maintained the center section within +1°K of the desired temperature, as mea-

sured by the dummy specimen.

— ST ot T —— i a1
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The SCR controlled heating system used operational amplifiers to isolate and
amplify the output of the thermocouple. The output of the final amplifier was connected
through a resistor to the trigger of 8 SCR. The SCR was triggered within the first
70° of the electrical cycle, which meant that the power output could be changed to the
heating element by only about 15%. This prevented the heating system from oscillating
about the desired temperature, as can happen if the power to the element can be varied
greatly, The temperature could be varied by changing the zero on the triggering volt-
age and the sensitivity varied by changing the amplifying factor. The drift inherent
in the operational amplifiers contributed about 0. 5°K to the inaccuracy of the temper-
ature controller, and the unavoidable minor temperature oscillation contributed the
other  0.5°K.

Considerable variation of the parameters in the heating system was necegsary
to make it respond to the given specimen configuration. Once it was in operation and
"tuned" to the specimen temperature required, thermal mass of the specimen, and
heat ieakage through the specimen ends, it responded very accurately. The fact that
each end of the specimen had its own heating element and thermocouple pexmitted the
power requirements of each end to be independent. This arrangement avoided many
of the problems of single coil heating, such as non-symmetry of the heating coil,
different rates of heat leakage through the ends of the specimen, and temperature
crror due to convection currents. Also, the temperature grudient from the center
of the test section, inherent in resistance heating, was eliminated.

A one-inch thickness of a high temperature epoxy was used to insulate the
specimen from the load cell and the Wood's metal grip. The good thermal insulation
proparties of the epoxy reduced the amount of power needed per coil to establish a
specimen temperature of 444°K to less than 15 watts, so a uniform temperature
distribution on the specimen was not affected by the presence of large heat sources

and sinks.
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The epoxy, being the softest part of the specimen-grip arrangement, sometimes [

\

§ caused slight inaccuracies in the stress-strain recording at near zcro load, The ram '

|

was insufficiently fast to make the diametral strain response follow accurately the '

command signal. Fortunately, at any load greater than 50 lbs. the epoxy was forced ;

- tightly against the specimen grip and the chatter that could occur at zero load was "
4

§ eliminated. Since all the data was taken at large values of load and strain, this char- i

) 3

acteristic was relatively unimportant except at the start of a test, where care had to §

4 be taken te avoid resonance. |
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RESULTS

A e e

A total of 34 specimens were loaded repeatedly under a variety of plastic

strain ranges, plastic strain rates, and temperatures, The surface was observe f
)

until significant surface damage was evident, and then the specimens were examined

with both the scanning electron and light microscopes., When Injtiated cracks were
present, the specimens werc elecccopolished to determine the nature, extent, and

depth of the fatigue crack Initiations,

i e s i |

Stress -Strain Response

The stable hysteresis loop was recorded for a variety of plastic strain xates .

and temperatures, Figure 3 is an example of typical frequency dependent variation

of the hysteresis loop with constant strain amplitude and several strain rates.
Although a single specimen was used to generate this family of curves, enough cycles

were performed at each plastic strain rate to assure that the behavior shown was char-

A 0
&

acteristic of that strain range and plastic strain ratc. Several tests were performed
entirely at one strain rate, and the stress-strain behavior they exhibited was com-
parable to that found for a single specimen family of curves such as Fig, 3. An
additional observation was that the stable cyclic stress-strain curve was not greatly
dependent on the heat treatment and grain size of the specimen, An as-extruded

specimen cyclically softened to approximately the same stable stress-strain behavior

to which the fully annealed specimens cyclically hardened.

The entire family of straln rate-temperature tests conducted is preseated in

Fig. 4. The maximum strain rate, 10'2/sec. is the highest strain rate that the

2 anh e

diametral gauge is capable of controlling without inducing error due to inertial
! response of the gauge. This plastic strain rate is high enough to prevent creep
strain from being a significant contribution to the total plastic strain even at the

highest temperatures investigated.
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The spacing of the sets of points on Fig. 4 appe:.rs to give a predictable effect

e —

of frequency on stress for temperatures of 310°K and less. If the values for the

stable cyclic stresses at a givenr temperawre arc divided by a stress characterizing

the highest plastic strain rate performed at that temperature (00 on Fig. 4), the

— i —

normalized frequency effect on cyclic stress can be plotted as in Fig. 5, Here, the

relationship between plastic strain rate and stable cyclic stress is of the form

k B
K4 ;
3

b —

e
p

This gives a result very similar to the theoretical relationship between plastic strain
rate and stress as explained by Tetelman (43).

At temperatures higher than 310°K the preceding relationship between plastic
strain rate and normalized stress does not appear to hold. Figure 6 is a plot of the
entire range of data. The points to the left of the low temperature area axre thought
tu have a lower stress than predicted by the previous relationship because of the
creep strain induced by the higher temperatures.

To verify this influence of creep strain, the test was stopped when the loop

became stable, and a creep rate test was performed under load control to attempt

to determine the amount of creep strain per reversal. In this way a good approxi-

mation of the creep strain per reversal was determined, and the polnts to the left "'

of the low temperature area in Fig. 6 all contained significant creep behavior.

-

An alternate method of presenting the stable stress-strain data is presented
in Fig. 7. This is essentially the parameter method developed by Gain and Sinclair (1).
They determined that stable cyclic stress-strain data may be represented by two !

dimensijonless parameters, which they call P and Q.

P, which Is a function of plastic strain rate and temperature, is given by the

form:

it e o o L
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R = 1.9 cal‘gnx-molc”l(

RT A .
pP= In —) AH* = 3,7 *» 10? cal/gm-mole
SH¥ (&p A = 101Z,~acc

where R is thc universal gas constant, T is the temperature in degrees Kelvin,
AH* is the activaton energy for self diffusion, and A is a frequency factor.

The parameter Q is a function of plastic strain range and stress, and is given

by the form:
Q=E?"'_"1n n' = 0.15
T lAcp)

where E.r is the temperature dependent elastic modulus and n' is the fatigue harden-
ing exponent. The value of the temperature dependent elastic modulus is measured
from the stress-strain data. The value of n' is generally accepted to be 0.15 and
this value is verified by the stable cyclic stress-strain histories in this study for
both 78°K and 296°K,

The valua of A, the frequency factor, is determined from Fig. 8. In this figure,
the strain rate-temperature values are taken from Fig. 4. The intercept of the con-
stant stress lines with the vertical axis determines the value of A.

As can be noted from Fig. 7, the parameter method provides a good represen-

tation of cyclic stress-strain behavior for data obtained in this study.

Fatigue Crack Initiation

The surface of the electropolished specimens was monitored and the specimen
was examined with both light and scanning electron microscopes to determine when
cracks initiated, After several tesis, It became relatively easy to determine when
a crack was initiated in the surface layer of the specimen by observing the local
rumpling of the surface. The specimens were removed from the test system and

alternately observed and electropolished to determine the depth of the observed

e —— e

e
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cracks, A crack was sald to have inltlated when it was about two grain diameters
in depth. This depth scems to be enough that fracture mechunics may be applied to
determine future crack growth. Rescarch by Nakano supports this view (18).

A preliminary testing of six specimens seemed to Indigate that the form of
crack initiation (slip band, grain boundary) was not depe<ndent to a great exrsnt on
the amount of plastic strain per reversal in a range ot plastic strains between @, 5%,
and 2%. For this reason, a value of 2% plastic strain per reversal was used in all
subsequent tests because it required less total strain (and hence less time) to cause
crack initiation. It is probable that plastic strains of less than 0, 25%, per reversal
have different forms of crack initiation than those reported. Plastic strains of
greater than 2%, per reversal caused cyclic buckling and necking at higher temper-
atures and were not Investigated,

There appear to be three distinct forms of crack initiation in the aluminum,
At low temperatures (liquid nitrogen) slip iy uppareitly easler within & grain than
at a grain boundary (44). This results in the dominant type of crack being a split
grain boundary with the crack appearing normal to the axis of maximum normal
stress. Figure 9 shows typical Jow temperature grain boundary crack initiation,

With higher temperatures (296°K) the grain boundary spliting becomes less
typical and the more normal form of crack initiation, the dominant slip band, becomes
most prevalent, Here, the grain boundaries are ductile and allow the slip to be trans-
mitted through them, and the slip bands become prominent eno' gh to develop into cracks.
As is evident in Fig. 10, considerable surface rumpling accompanies the process.

A1 high homologous temperatures and low plastic strain rates, typical creep
initation cracks are formed. Grain growth and recrystallization are prevslent, and
cracks appear at grain boundaries and at points where three grains intersect.

Figure 11 is an electron micrograph of a typical creep crack initiation site.

—— - .
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An attempt to correlate the type of Initiation with the observed mechanical
behavior was quite successful, Flgure 12 shows that where creep behavior is
observed, creep cracks are likely to [nitlate, Conversely, wherce slip behavior
is observed, slip bands or the low temperature split grain boundaries arc likely
to occur, Itis interesting that over quite a range of tempsratures either a slip or
a creep initiation could be induced by varying the plastic strain rate.

These results are consistent with the precepts of strainrange partitioning as
proposcd by Manson and Halfoxd (45, 46). They postulated that if a material exhibits
creep behavior, then creep cracks will develop and a creep damage curve will pre-
dict the fajlure. Accordingly, if creep behavior is absent, then slip initiation will
precipitate failure. In the region where there is both creep and slip damage, the
damage duc to cach is summed independently, and failure is predicted when the sum
of the two forms of damage equals one.

The paramcter method of Gain and Sinclair 1s also useful in laterpreting the
type of stress-strain behavior, In Fig. 13 the P/Q plot is interpreted in terms of
the .ype of crack initiation that is present, As can be seen, the arees of creep
inidaton, a comhination of creep and slip, and pure slip initiation fall within rea-
sonably distinct areas of the dlagram. Since each point on the line xepresents an
infinite combination of stress-strain rate-temperature combinations, 1t may be
possible to predict the form of crack initiation from a plot of this type. Further

investigation is necessary to verify this observation.

Cycles to Initiation

The number of cycles required to initlate a crack for a given temperature is
shown in Flg. 14. There is some inaccuracy present in this data, as it is very
difficult to determine the depth of an initiated crack by progressive electropolishing.

However, the trend appears clearly that the number of cycles to initlate any one of
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the three forms of crack, or some combination of the two, does not appear to vary
significantly as a function of temperature ox plastic strain rute. Thig behavior is
consistent with the results of Coffin (47), who found that in u non-corroslve atmoy-

phere the fatigue life was Independent of the test temperature and strain rate,

Electron vs, Light Microscope

The difference between SEM and light microscope in observing crack irtuation
is quite vivid. The light microscope is good for obscrving slip lines on the surfuce
and, after clectropolishing and ctching, for observing grain boundarics and grain size,
Unfortunately, the light micxoscope is very poor at differentiating between surface §
rumpling and cracks., The shallow depth of field and the reflected light off the smooth i
surface makes observation of fatigue crack initlation by light microscope all but impos-
gible,

The SEM complements the light microscope very well, With the SEM, surface
runmpling is quite easily distinguished from cracks. However, grain size and grain
boundaries are difficuvit to determine under many conditions, even with etched speci-

mens,

One factor that maus crack initiation confusing to detsrmine with the SEM is
that the oxide coat cracking is very pronounced, but does not provide a good view of i
the material beneath the oxide cout. For example, Fig. 15 contains three SEM
photos of specimers cycled to crack initiation with a slightly thicker than average
oxlde coat. They appear quiic different from thelr counterparts in Figs. 9, 10, and
11. However, electropolishing these specimens 0.0005 inch showed that the crack
inidadon is the same type as would be expected without the oxide coat. It does not
appear that crackas initlate bencath cracks In the oxide coat, as proposed by Alden (19).
It is quite likely that the much larger strains in this study fractured the oxide coating

more extensively and reduced the importance of individual oxide coating cracks sig-

nificantiy. !
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CONCLUSIONS

L The swble cyclic stress-strain response of pure aluminum may be represented
by a rate-stress equation, Two different methods were successful, The less gencral

cquation was

k
L mc (*1)
P 00

where <, Is a normalizing stress at a given plastic strain rate, plastic strain range

and temperature. ‘This equation predicted strain wate effects only when the metal did
not exhibit creep behavior,

Another approach which predicted material behavior for all ranges of stress,
plastic strain rate, temperature and plastic strain range was originally presented
by Galn and Sinclair (1). This method involves representing the data in terms of
two dimensionless parameters: onc of which is a function of temperature and plastic
strain rate, and the other is a function of stress and plastic strain range.
2.  Three distinct forms of cxack initiation were evident. At 78°F. grain boundary
splitting caused by an inability of the boundary to conform to the deformation with'a
the grain was prevalent. At 300°K, cruck initiition was caused primarily by slip
bunds deepening into microcracks, and at 400K, vacancy coalescence at grain
bound.ries initiated most cracks, The form of crack initiation was primarily influ-
enced by temperature and plasuc¢ stzain rate.
3,  The number of cycles at 1% straln to initiate a 0,002 inch crack in dry
nitrogen does not appear (o be dependent on test temperature or plastic strain rate

within the Limits of the tests performed.
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4. Cracks in the oxide coating of the aluminum did not generally overlay cracks

¢ in the alw.ainum surface for the strain range investigated. The oxide coat cracking

bore a great resemblance to brittle lacquer coating cracking in many cases, and
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TABLE 1
STABLE VALUE OF CYCLIC STRESS

Ae , Plastic ép. Plastic

T, Test g, Stable

Temperature, “K Strain Range Strain Rate/sec Cyclic Stress, ksi

78 0.020 1072 31.80

78 0.020 1073 30.45

78 0.020 1074 29.04

78 0,020 10 © 27.54

78 0.0025 21,60
78 0.0025 20.90
78 0. 0025 20,40
78 0.0025 19,60

0.020 6.85
0.020 ) 6.60
0. 020 6. 42
0.020 ) 6.12

0.006 6.03
0.006 ) 5.75
0.006 ) 5.53
0.006 5.37

0.002 ) 4.97
0.002 4.77
0.002 4.50
0. 002 4,32

0.020 _ 6.75
0.020 6.55
0.020 6.30
0.020 6.05




TABLE 1 (Cont'd.)

STABLE VALUE OF CYCLIC STRESS

T, Test Aep, Plastic ep, Plastic o, Stable

Temperature, “K Strain Range Strain Rate/sec Cyclic Stress, ksi

316 0.020 6.55
316 0.020 6.28
316 0.020 6.00
316 0,020 5.75

355 0.020 5.90
355 0.020 5.68
355 0.020 5.30
355 0.020 4.93

400 0.020 5.15
400 0.020 ) 4,95
400 0.020 4.30
400 0.020 3 4.05

444 0.020 ) 4.40
444 0.020 4,13

0.020 3.37
444 0.020 2.94
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Fig. 13 Parameter Representation of the Form
of Fatigue Crack Initiation
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